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GaN has promising features for high-field electronics applications. To scrutinize these transport-related
properties, primarily the dominant scattering mechanism in this material needs to be well characterized. In the
quest for Bloch oscillations in bulk GaN, our aim is to conduct a full-band scattering analysis requiring very
high energies where parabolic approximation is far from applicable. For this purpose, we first obtain an
accurate band structure for the conduction band of wurtzite GaN based on the empirical pseudopotential
method, using the most recent experimental data as the input. We compute the scattering rate, relevant up to
room temperatures, due to longitudinal-optical-like and transverse-optical-like polar phonon modes along
several(high-symmetry directions, from the conduction band minimum at the zone center to the half of the
reciprocal lattice vector in each direction. We observe that the location and the symmetry of the neighboring
valleys to the route play a decisive role on the scattering rates. The observation of Bloch oscillations in bulk
wurtzite GaN is doomed by the very large value of the polar scattering rate. However, there exists the
possibility of a negative differential conductivity driven by the negative effective mass part of the band
structure for fields above 2.3 MV/cm for wurtzite GaN.

[. INTRODUCTION The full-band scattering rate requires a reliable band en-
ergy and wave function knowledge. Empirical pseudopoten-
In the last decade GaN and other related Il nitrides havéial method (EPM)° is widely used for such purposes and
been a subject of intensive research, initiated by their outseveral results for GaN have already been publi$h&twe
standing optoelectronic prospects, such as light emitting dihave analyzed these proposed band structures and found
odes, and lasers in the visible spectrtifhe fact that these them to be unsatisfactory for the conduction band properties,
[l nitrides are wide bandgap materials, also make them verguch as the conduction band effective mass and also in the
attractive for electronic applications, especially for high-agreement to the more recently released experimental data on
power and high-temperature purposes. The ability of thesthe conduction band energi¥s? As this point is of central
1l nitrides to withstand very high electric fields on the order importance in our work, we have also performed an EPM
of few MV/cm, brings new possibilities, not within reach of study for WZ GaN, demanding a close fit to these conduction
the traditional semiconductors such as Si and GaAs. Onbkand properties. Based on this band structure, as a by-
intriguing possibility is to observe the elusive Wannier-Starkproduct we present the energy levels and effective mass pa-
resonances and the associated Bloch oscillations limlla ~ rameters of the conduction band satellite valleys, which play
semiconductor, such as G&N.Such a study requires a de- important role in high-field electronic transport properties.
tailed knowledge of the transport properties in these wide Formally, the electron-phonon coupling in WZ GaN is
bandgap materials, primarily the characterization of thedifferent from the well-known cubic case, bringing in longi-
dominant scattering mechanism. This, in GaN is the polatudinal optical (LO)-like and transverse opticalTO)-like
optical phonon scattering due to its high degree of iorficity modes'® rather than a single LO mode as in a zinc blende
and hence large electron-phonon coupling constant. crystal having an isotropic phonon spectrum. We analyze
The aim of this paper is to quantitatively analyze the full both of these modes and observe the TO-like scattering rate
conduction band electron scattering rates due to polar opticad be more than two orders of magnitude lower than the
phonon(POP emission. We obtain these scattering rates inLO-like modes. Furthermore, we find the LO scattering rate
several different directions in the reciprocal lattice, from thein the cubic approximation to be in very good agreement
conduction band minimum to the half of the reciprocal latticewith the LO-like case, regardless of the chosen point in the
vector in that direction. This comparative study also pro-Brillouin zone (BZ).
duces a valuable output for the likelihood of the Wannier- The symmetry of the initial- and final-state electron wave
Stark resonances in bulk wurtzit®/Z) GaN. For the accu- functions plays an important role in the correct assessment of
racy of our results we base our analysis on realistic modelthe scattering rates. Indeed, we observe that above the energy
for both electrons and phonons in WZ GaN. of the lowest satellite valley 5 ,,;, the rates are significantly
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overestimated if the cell-periodic overlap is taken as unity, TABLE I. Target values based on the quoted references and the
which actually works well only in the vicinity of the conduc- attained values by our optimization. All energies are given in eV.
tion band minimum. Based on these directional scatteringhe lineup from top to bottom crudely represents the emphasis we
rates we investigate the high-field negative differential conused in the optimization of the parameters, the last items being
ductivity possibilities. poorly included to the ove_rall cost function. For the bandgap value
In the next section, we present our guidelines and result§¢ We do not use the attained valt#52 eV), but rather, the target

for the band structure fitting, concentrating on the conductiorf@!ue (3.5 eV) by rigidly shifting all CB with respect to VB.

band properties. In Sec. Il the formulation for the POP scat-

tering for the WZ crystal is given. Our results are contained Target Attained

in Sec. IV, followed by a discussion in Sec. V on the impli-  m* /mg, m#/m, 0.2, 0.2(Ref. 14 0.200, 0.196

cations of these results in connection to Bloch oscillations rs—re 2.13(Ref. 11 214

aﬂd nggative differential conduqtivity. A brief summary is AS,~T¢ 3.0 (Ref. 1) 252

given in Sec. VI. The Appendix discusses two different us e 1.34(Ref. 12 134

implementations of computing the scattering rate over the smin- "1 ' ' '

B7 Eq 3.50 (Ref. 16 4.52-3.50

: ry—TyY 6.0 (Ref. 15 6.0

rg—-reg 1.0 (Ref. 15 0.74

Il. BAND STRUCTURE FITTING FOR THE CONDUCTION Ig—TI7 0.015(Ref. 16 -0.025

BAND

EPM admirably suits to our purpose of computing the nental band gap of 3.5 eV was restofédVe apply the
scattering rate, as it provides with reasonable effort an emMsame correction here. Figure 1 displays our resultant band
pirically tailored band profile at the same time yielding thestructure; for comparison, the lowest two CB of the band
pseudowave functions necessary for the rigorous treatmet, cture due to Yeet al® are also shown. There is a sig-
of the transition matrix elements. Several groups have alpificant disagreement between the two, which we believe to
ready obtained the band structure of WZ GaN USiNgye in favor of our results, based on our emphasis on the CB
EPM,~"reporting their form factors as well, which enables 4 fitting to more recent experimental restift$2Using this
other researchers to circumvent the task of fitting to the expang structure, in Table Il we report the energy levels of the
perimental values. Apparently, the emphasis in these fittingeyera| satellite valleys in the CB as well as their effective
procedures has been on the valence ba/l) structure, 555 parameters. These values are yet to confront experi-

predominantly due fo its importance in optoelectronic ori-ment, however, qualitatively it can be noted that compared to
ented applications. As for the conduction baf@B), the e CB minimum [, valley), the effective masses are

fitted EPM band structure reported by the;e_gréu]ﬁdwave_ heavier in all these satellites and anisotropic, futhermore the
important drawbacks; notably, the CB minimum effective | qint turns out to be a saddle point rather than a valley,
mass comes out to be 0.1, or less, whereas the experi- herefore diminishing its significance in scattering processes.
mentally measuréd value for WZ GaN(after subtracting In Fig. 2 we show the associated density of stdBGS) per

the polaronic contributionis 0.2mg, with my being the free spin, which directly comes into play in the deformation po-
electron mass. This discrepancy is quite significant for thgential phonon scattering. The sudden increase in CB DOS at
low-field electronic transport properties and has even morg g4 ev is due to the 5,y satellite valley, signaling its

drastic consequences for higher energies. Furthermore, thqrr‘ﬁportance in the electronic transport properties.
have been two very recent experimental reports regarding the

band structure of the CB which were not available at the time
the previous EPM works were carried out. First, Vaitaal.
have measured the CB structure of WZ GaN alonglih& [
direction in the BZ using the inverse photoemission 8
techniques?! Secondly, Suret al!? analyzing the ultrafast
electron dynamics im-doped GaN have reported the energy _
separation between the lowest satellite vallgy,;, along
the U symmetry line and the CB minimurtas 1.34 €V. In
the lack of any further verification of these results, we com- I
ply with these experiments and use them in our fitting pro- 0
cedure. Table | lists the chosen target values and the corre I
sponding attained values by the optimization which was . PN AN P ]
based on the Metropolis algorithth. 4 F -/ < 1
The fact that we have favored the CB properties, leads to I <~ 8/ P |
some discrepancy in the VB structure and more significantly A L M r A H K r

the bandgap value comes out 1 eV higher. This stems from g 1. Energy band structure for WZ GaN based on EPM,
the requirement of a heavier CB effective mass to meet theiied to recent experimental CB data. For comparison purposes, the
experimental value that results in pushing the VB and CBowest two CB reproduced from the form factors of Yetoal. (Ref.
apart. As a matter of fact, Kolkiet al. have also encoun- 8) are also includeddashed lines Several important points are
tered this problem in their EPM fitting to the CB, which they labeled and the inset shows the irreducible part of the (Bat
remedied by rigidly shifting the CB, so that the true experi-drawn to scalg

12
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TABLE Il. The energy and the effective mass parameters of the TABLE Ill. Fitted values for the constants in the pseudopoten-
CB minimum and the other satellite valleys. The energy reference iial form factorsVg andV,; see Egs(1) and(2). Other parameters
taken as that of the CB minimurmyy, , mpx, andmp, represent  used in the EPM are also listed, wheaeand ¢ are the lattice
the effective masses along theéM, I'-K, and I'-A directions,  constants in the hexagonal plane and alongcthgis, respectively,
respectively. u is the WZ internal structural parameter, akg,,, denotes the
radius of the energy sphere used for the reciprocal lattice vectors.

Ex(eV) My /Mg Mry /Mg Mpa /Mg

5,=0.1575 a,=—0.1300
Ir, 0.00 0.200 0.200 0.196 5,—0.0763 a,— 04177
Usmin 1.34 0.879 0.337 0.293 si——1.1286 a,—0.2638
K, 1.59 0.547 0.547 0.347 si—1.1471 2, 0.6206
Lis 1.75 0.865 0.297 0018 ' (9460 a.—1.7105
M, 1.87 0.887 0.189 1.078
Iy 2.14 0.247 0.247 1.390 a=3.1879 A

c=5.1851 A

u=0.3760

The key ingredients in EPM are the fitted pseudopotentiag =15 Ry
form factors, for which we use the following forms:

Vo(0) = (510> +5,0°+ S3)exp( — $49%), (1) where the primed indices represent the final-state electron
labels over which a summation is performegds the phonon
Vo(q) = (2,02 + a,q + ag)exp — a,q%), (2)  wave vector having an enerdyw; ; the indexj labels the

particular phonon branch taking part in scattering anglis
whereV, andV, are the symmetric and antisymmetric form the thermal population of this specific phonon. In the case of
factors in Rydbergsg is the wave number in units of2a  double signs, uppeflower) sign refers to phonon emission
with a being the lattice constant in the hexagonal plane, andabsorption processHL , is the electron-phonon interaction
s;,a; (i=1,...,5) are thditting parameters which are listed operator, given by
in Table Ill. We do not include the spin-orbit interaction,
having small effect on the CB due to dominasymmetry _ 1 _
of the corresponding wave functions. The other parameterHL_phz_J d3r E e-ikaryx (r)bTm ) 2 Ci(q)
of the EPM are also given in Table III. Viv: gk, 22 272

iq- t —ig- iKq-
Ill. EXPRESSIONS FOR THE POP SCATTERING RATE x[a €9 —a] 791 X e "Um, iy (NBm, e

my Ky
IN A UNIAXIAL CRYSTAL
Based on Fermi’s golden rule, the one-phonon scattering @
rate of an electron at the band, with a wave vectok,  here,V is the total crystal volumeC;(q) is the electron-
having an energ¥(k), is given by phonon coupling coefficienty, x anda; , are, respectively,
the electron and phonon annihilation operatarg,(r) de-
notes the cell-periodic part of the electron wave function,

2 :
+ _ ’oL! . . 2
Wi, (K)= > 5 [(m".K"5nj g 1 He o m.K;nj )| which in the EPM has the expansion

m’ .k’
X S Emr(k')—En(K) £ A o], &) _
AEm (=Rl Uni(N=3 a(m ke, ®)

I B B

, whereG,’s are the reciprocal lattice vectors. Equatid in

— Eq. (3) yields
S ]
¢ 2 1 1
] N ™ ,
% ] Wi j(K) = —= > A (k' K[Ci(@)]? nj,q+§i§)
% ] m’,k’
o X O] Epy(K') = Em(K) =0 4], (6)
z
g

with the constraintj= ¥ (k' —k) mapped to first BZ, which
applies if we discard umklapp processes as they have minor
role in POP scattering; note that in the rest of the paper all
wave vectors lie in the first BZ, i.e., reduced wave vectors. In

Energy (V) ’ 2 EQ.(6) Ay m(k',K) is defined as

FIG. 2. Density of states per spin associated with the band struc- 1 2
ture shown in Fig. 1. A (k' K) = ﬁf)u:;, o (NUm () d3r] (7
q ,
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where the integration is over the primitive cell volunie, .
Using Eq.(5), the above integration turns into a summation . > o Win(p) 8(k-p—1) T E—E(p)]
over the reciprocal lattice vectors as ka(E)z , (13

> pd(k-p—1)E—Ep(p)]

2
A m(K' k)= aF(m’ k" )a(mk)| , (8) o . ' o
' wherep andk represent unit vectors in the directionpand
_ _ k, respectively. The denominator equals the number of
with the a,’s readily computed by EPM. crossing®’ of the valueE by the constant energy surface of

As the WZ structure belongs to the class of uniaxial crys+ne pandm along the vectok. The explicit energy depen-
tals, the electron-polar optical phonon coupling coefficient is
dence offered by is sometimes more illuminating, and in

formally different from the well-known cubidgFrohlich)
form.2° For the case of aeaklyanisotropic uniaxial crystal our case 't. alsp ena_lbles direct comparison of the rates along
! different directions in the BZ.

Lee and co-workefs$ have obtained the following approxi-
mate forms for the coupling coefficients of the longitudinal-

optical (LO)-like and transverse-opticél' O)-like modes IV. DIRECTIONAL POP SCATTERING RATES

Based on the acceleration theor&hrzarriers in a band

2 .
|CLO—Iike|22 2meh under an electric fieldr obey the relatioreF=7%k. That is,
VP QL (6, carriers follow the trajectory along the field direction in the
. reciprocal space until a scattering event takes place, the
Sl cos dominant one being POP scattering in GaN due to its high
1 1 + 1 1 ' ionicity.* Note that, the scattering rate formulation in the
(7_ —0> ol (—w——o> w5 previous section does not address an electric field. Indeed,
€ € z €& Bardeen and Shocklé/have asserted that, acceleration of
(9) electrons by a uniform applied field, and scattering by lattice
vibrations or imperfections are independent processes by
Todlikel 2 showing that although the details of the transition may be
|Cq | altered by the electric field, the final expressions for the scat-

) s oo tering rate are independent of the fiéfd> Accordingly, we
_ 2meth (0f —w})?sir’d, cos'd, trace the POP scattering rate of CB electrons along the high-
_VqZQT( ) (ef—ef)wf cos’-aq+(e§— Eg)wg sinzaq’ symmetry directions, starting from CB minimunh'{) until
half of the corresponding reciprocal lattice vect@&®LV)
(10 along the lines-M, I'-K, andT'-A, as well as along the
I'-Uj iy direction as th|s route connects the lowest two
whered, is the angle phonon wave vectoymakes with the  minima in the CB?® The trajectories alongl’-K and
crystalc axis,w, (w,) is the TO phonorj frequency perpen- 1. U3z min require longer RLVs and extend beyond the first
dicular to (along the ¢ axis, o, (w,) is the LO phonon Bz poundary. Another technical detail here is that EPM la-
frequency perpendicular t@long the c axis, €] (€;) isthe  pels the bands by sorting their energies at dagoint, re-
high frequency dielectric constant perpendicular(@ong  gardless of the actual continuation of the bands beyond the
the ¢ axis. The correspondlng static dielectric constants ar@and crossing$’ This point is particularly important for the
given by €)= €7 w? /ol and €)= €, w? /w?. The phonon band along thd'-K direction. For such crossing bands, we
frequency,w; 4, in Eq. (6) is now replaced for the LO-like compare the values of the overlap parametgy .,, given
and TO-like modes by (6,) and Q+(6,), respectively, by Egs.(7), (8) and determine which way the band actually
given by? continues. Further details about the implementation of the
computation are given in the Appendix. A rewarding use of
the overlap test is along tH& A direction, which reveals that
there is actually a BZ folding at thA point. This is due to
four-layer stacking of the gallium and nitrogen atoms along
Qr(0) = \/a,§ sin26'q+ wi C0529q_ (12) thec axis?® So, an electron from thiswer CB reaching the

BZ boundary k=zw/c) continues, in the reduced band

The nonzero TO-like coupling coefficient is due to the LO scheme, to theipper band, starting from the point zz/c.
ingredient in this mode; its contribution vanishes for the iso-The Bloch oscillation cycle and the BZ folding effect are
tropic case whemw, =w, and w, | = w,, Where the cubic illustrated in Fig. 3. Hence, in tracing the scattering rate
form is restored. along this direction, we take this fact into account and follow
The quantity,W,(k) gives the rate for an electron that the extended trajectory’ ;-A—1"3, corresponding to seg-
belongs to banan, with a wave vectok; for brevity, here ments -2 in Fig. 3. The presence of the BZ folding modi-
we suppress some of the subscripts and superscripts. We cfies the POP scattering rates as the valley alonglthé
also introduce the following quantity that replaces thag-  direction is now mapped back 0 point (i.e., I'5 valley),
nitude of k with the energy while retaining the band index which somewhat increases the scattering rate to this valley
and the direction in the BZ, as from directions such aB-M, due to a smaller required pho-

QL (0y) = w3, coS,+w’ | sirtd, (11)
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65 hw, =92.12 meV. As the LO-like optical phonon energies
are more than 3.5 times the thermal energy at room tempera-

6 - ture (~25 me\), the corresponding phonon occupation

C probability, n; ; becomes negligible up to room tempera-
55 tures; by the same token, POP absorption processes will be

quite insignificant. So, we can essentially set,=0 in Eq.
(6) and drop the temperature parameter from our analysis
and focus on POP emission only. Also, we usg=e,

Energy (eV)
(4]
T

45 | =5.29; these high-frequency dielectric permittivities are due
to electronic polarization and for GaN they are usually as-

4k sumed to be isotropit®?* unlike the anisotropistatic coun-
terparts having the ionic contributions as well. Figure 4 dis-
a5 [ plays the LO-like and TO-like POP scattering rates along the

-1 -0.5 0 05 1 chosen directions. The TO-like polar scattering branch is a
k (in 2r/c) hallmark of the WZ structure, but was not studied thoroughly
FIG. 3. lllustration of the BZ folding along thE-A direction, over the full _BZ' Here, we observe for WZ G_aN that the
showing the lowest “two” CB. The Bloch oscillation cycle follow- 1 O-like rate is more than two orders of magnitude weaker
ing the sequence 1-2-3-4 in the folded BZ, corresponds to 1ihan the LO-like mode over the whole extend of the BZ and
2'-3'-4 in the unfolded case. for all four directions considered. It was recently suggested
within low-energy effective mass approximation that the
non wave vector compared to an unfolded-BZ case, enhandic POP coupling constant is highly sufficient for the WZ
ing the electron-phonon couplirigee Eqs(9), (10)]. GaN?! We have verified this by setting,—w, and w,,
We use the following data for the GaN phondfig€! —w,, and the deviation from the LO-like resultsot
hw,=66.08 meV,hw, =91.13 meV,%w, =69.55 meV, shown was found to be typically less than 5% throughout

15 15
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FIG. 4. Scattering rate versus wave vediarunits of 2r/a) along the direction§'-M, I'-K, I';-A-I'3, I'-U3 i, computed till half of

the corresponding RLV; results apply up to room temperature. The dashed lines indicate the LO-like rates when the cell-periodic overlaps
are taken to be unity.
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FIG. 6. Scattering rate versus energy, comparing the LO-like
POP rates with the nonpolar deformation potential scattering; re-
sults apply up to room temperature. The energy reference is chosen
to be at the CB minimum. The dashed lines correspond to the LO-
0.15 like rates when the cell-periodic overlaps are taken to be unity. The
dotted line shows the cubic isotropic parabolic POP rate.

is much less than unity. The interval between the dashed
lines corresponds to energies where POP scatterifg fqn,
valley is not allowed. Still retaining the final electron state as
the U3 i, point, we now scan over all initial electron states
that can be scattered 1d;,;, point via an LO-like POP
emission process. Figurelh shows the resultant overlap
parameter variation over the spherical angles defining the
initial state of the electron. It is seen that the overlap param-
eter and hence the scattering ratdJgy, point fromI’-M
direction is about 1.5 times higher than that of TheA di-
rection.

From an alternative perspective, Fig. 6 displays the scat-
(b) e tering rate expressions versus energy using (E§. When

the energy of theVl; satellite valley is reached at 1.87 eV,

FIG. 5. The overlap parametér,, ,,, variation with the final-  theaveragescattering rate suddenly drops as electrons at the
state point fixed at th&J;,;, point. (8) The horizontal axis repre- bottom of this valley contribute very little to POP scattering
sents the initial-state points belonging to lowest CB lying along therate, limited to intervalley scattering with large phonon wave
I'-M and I';-A-I'z directions. The interval between the dashedvectors. However, when the energy is increased further to
lines corresponds to energies where POP scatteriitg i, valley  gllow the electrons iM 1 valley to haveintravalley scatter-
is not allowed.(b) Three-dimensional plot of the overlap parameter ing the rate rapidly rises. Also note that the carriers in the
variation, with the final-state point again chosen atlihg,;, point. M, valley do not undergo an intervalley scattering to the
The spherical angles of each data ppint porrespopd to those of t amin vValley due to symmetry reasons, as displayed on the
initial-state wave vector, and the radial distance gives the resultarﬂ;:lr’ left part of Fig. %a). In Fig. 6, we also show the POP

overlap square. scattering rate based on the isotropic parabolic band model,

the considered directions in Fig. 4; the deviation is somewhagvhich only agrees well withinr~0.4 eV range of the CB
higher around the CB edge for tfie A direction. minimum.

To see the effects of the symmetiye., cell-periodic parts For comparison purposes, we further include an estimate
of the participating wave functionswe have repeated the for the nonpolar LO deformation potential scattering rate,
same computation by setting the overlap paramétgr,,to  given at  zero-temperature by W(E)==DZN(E
unity, the results being shown in Fig. 4 by the dashed lines—%w o)/pw o, Wherep is the mass densititaken as 6.1
Note that around the vicinity of the CB minimum this ap- g/cn?) andD g is the LO deformation potential field() is
proximation can be employed, however, remarkable deviathe single-spin DOS perolumewhich can be obtained from
tion takes place as soon as the energy level reathgs, that given in Fig. 2 by noting that the corresponding “vol-
valley, leading to overestimation of the scattering to this val-ume” of an atom isa®c+/3/8. We also ignore the nonpolar
ley. To further illustrate this point, in Fig.(8 we compare scattering due to other phonon polarizations and branches
the overlap parameter between the,i, point and any point and use amverall value for the deformation potential as®10
along thel'’-A andT'-M directions. The primary purpose of eV/cm, which applies to GaAs intervalley transitions. The
this figure is to show that the actual overlap with,,;, point  resultant nonpolar rate is seen to be well below the POP rate
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over a great portion of the energies of the lowest CB. How- s1W——————————F———7T——— T~ 1———
ever, a strict quantitative comparison is not very reliable, I
given the gross uncertainity in the deformation potential field I
values for GaN and the simplistic treatment used here for the  g4¢7
deformation potential scattering. I

4107_
V. IMPLICATIONS ON BLOCH OSCILLATIONS AND I
NEGATIVE DIFFERENTIAL CONDUCTIVITY

Drift Velocity (cm/s)

A. Bloch oscillations 2107
Our investigation of the full-band directional scattering 7
analysis in GaN leads to some implications about the Bloch e
oscillations and the negative differential conductivity. °0 1 2 3 4 5 6
Though, in superlattices these Bloch oscillations were ob- Electric Field (MV/cm)
served through optical experiment®r a review see, e.g.,
Ref. 30, it is yet to be seen in transport experiméhtmnd in
bulk semiconductors. The existence of Bloch oscillations i
possible in a window of electric fields, limited from below
by the scattering mechanisms, breaking the phase memory pten several predictions of NDC in GakRefs. 37—
the participating electrons, and from above by the escape @9,18,40 at field levels of around 150 kV/cm, all being
the electron to other bands or the breakdown of the materiddased on the transfer of electrons to upper valleys, which
by Zener or impact ionization mechanisms. Our work herevas also experimentally verified with reasonable
can only address the lower limit set on the electric field byagreement! On the other hand, the NDC that here we refer
the dominant scattering mechanism, this being the LO4o, is driven by the band structure’s negative effective mass
phonon emission up to room temperatures. As for the brealpart beyond the inflection point of its dispersion curve, an
down voltage, wide bandgap semiconductors, such as Ill niidea that goes back to Kneer*? Esaki and Tsu have later
trides (such as GaN presumably offer higher breakdown discussed this mechanism of NDC for the case of
values, tempting further research in this directfon. superlattice$* For this reason, it can be distinguished as the
Bloch oscillation corresponds to the traversal of an elecKromer-Esaki-Tsu NDC. Recently, the possibility of this
tron along a RLV from one reciprocal lattice point to anothermechanism over the valley transfer one was advocated for
forming a repetitive motion. Strictly speaking this regime the case otubic GaN*®
requires the applied electric field direction to coincide with a The dependence of drift velocity on the applied electric
RLV. Under these circumstances, if the magnitude of thefield can easily be estimated by the simple approach used by
shortest RLV along the field direction j§|, then the Bloch  Esaki and Tsu for superlatticésHence, the average drift
angular frequency simply follows from the acceleration theo-velocity assuming a constant scattering time given by
rem aswg=2meF/#|G|. For the case of the WZ crystal, the
two shortest RLVs are along-M andI'-A directions with
the magnitudes #/a\/3 and 2r/c, respectively. However,
for the I'-A direction, twice this valugéhence 4r/c) needs
to be considered due to BZ folding effesiee Fig. 3. WhereaZEFm/akEld is the curvature of the energy band dia-
The criterion for the observation of Bloch oscillations gram along the applied field’s directidfy sampled at thé&
shows some variation over the literatd?é®32-3%aA common  point, kg 4(t) =eFt/#, for an electron originating from th
expressiof?*%%2is wg7>1, which is based on the fact that point. For the scattering time in this equation, we use the
the associated Wannier-Stark level spacifigpg being  value given by thenaximumscattering rate in Fig. 4 in each
greater than the level broadeninfj/r due to scattering, direction. Figure 7 shows the corresponding drift velocity
where 7 is the (maximum scattering time within the band. dependence on the electric field. The different low-field mo-
Instead, von Plesseet al3® suggesti/r to be replaced by bilities are the artifact of using the maximum scattering rate
I'om= 2%/ 7, which is the homogeneous linewidth related to of each direction throughout the band. Actually, this low-
scattering timer. A rather more strict criterion put forward field part of the drift velocity is governed by the momentum
by Esaki and Tsu img> 2, which requires the electron to relaxation time, and of course, it is not described correctly by
complete one cycle in the BZ before undergoing a scattering’e Esaki-Tsu formula Eq(14). However, the concept of
event™* If we adopt this last criterion by Esaki and Tsu, then momentum relaxation time refers to a distribution of par-
the threshold field for the onset of the the Bloch oscillationsticles and is not relevant in the present context of high-field

turns out to be well above 10 MV/cm, which cannot be at-transport which is to do with the probability of avoiding
tained due to the dielectric breakdown of the material. collision and hence with the bare scattering time. With this

reservation, Esaki-Tsu formula results are plotted for all the
fields and therefore, only the high-field regime, abové
MV/cm part should be considered. It is seen that the NDC
A precursor of Bloch oscillations is the negative differen- has a significant dependence on the chosen direction of trans-
tial conductivity (NDC) at lower fields. There have already port and needs high electric fields, above 2.3 MV/cm. A very

FIG. 7. High-field drift velocity dependence along four different
Sdirections. Thd™-M andI'-A curves almost coincide.

»3PE
vd=th—2f — e vt (14)
0 kg

B. Negative differential conductivity
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recent experimer, measuring the steady-state drift velocity ACKNOWLEDGMENTS
in GgN has gone up t9 an eIeptric field7of 350 kV/pm. Es- This work was supported by Grant Nos. ONR00014-
sentially a constant drift velocity of 210" cm/s for fields 99-1-0014 and EPSRAGRIL/56725.
above 200 kV/cm has been extracted. Our preliminary esti-
mations in Fig. 7 suggest a substantial increase in the drift AppPENDIX: COMPUTATION OF THE FULL-BAND
velocity at field levels about a few MV/cm. This may have SCATTERING RATE
an important practical implication for GaN-based high- ) ) )
power devices, so further experiments at such high fields will 1. By direct integration
be very valuable to investigate this possibility. We compute the scattering rate given by Eg). in two
alternative ways which agree with each other within numeri-
VI. SUMMARY cal accuracy. The first approach is to follow a direct integra-
tion of the rate expression. As the initial standard step, the
In summary, we have obtained the band structure and theummation E,) in this equation is converted to integration
associated Bloch wave functions of WZ GaN using EPM[Vv/(27)3/d°k’], the integration domain being the first BZ
paying due attention to CB properties in light of recent ex-which is hexagonal in WZ structures. We enclose this hex-
periments. The merits and flaws of this band structure can begonal BZ by a cylindrical box with radius#3a and height
assessed experimentally by verifying our resultant data cha2«/c, and work in cylindrical coordinates for all the wave
acterizing the CB satellite valleys. Using this band structurevectors. We discard the regions of the cylinder that lies out-
we analyzed the full-band LO-like and TO-like POP scatter-side the hexagonal BZ by inserting a functiér,, in the
ing rates along several important directions in the BZ. Weintegrand(see the expressions belpvn the rest of this sub-
have demonstrated the key roles played by the satellite vakection, we normalize all energies to atomic Rydbergs, the
leys and the symmetry of the participating wave functions.component of wave vectors in the hexagonal plane#da2
More elaborate high-field transport calculations and experiand the component along tleeaxis (which we choose to be
ments for bulk GaN will be very useful in further exploring along thez axis) to 2#/c. With these manipulations and after
the NDC possibilities. Our rough estimation suggests theapplying the delta function property together with the asso-
threshold field for NDC in WZ GaN to be about 2.3 MV/cm. ciated coupling coefficienf€Egs.(9), (10)], Eq. (6) becomes

2
W 9 2a8f2wd ’fllz S k!, ( +1+1)®(§ki')® " ,)Amr’m(kil,k)
- . = — —— | N -t | iy _—_—
m, LO—Ilke( c 0 ¢ —12 v4 i ) a 2 5 L,q; 272 o'?fL BZ( Li d’ QL(aqi)
Auit|g| % —
sin2¢9qi cos?élqi -t
X + , (A1)
1 1 ) 1 1),
= o ®iL = o] 9zL
el EE EZ GZ
2 k'
. 2ag (27 (V2 ki, 1 1,913 7K .
E,To-like(k):Tf do f dkzz — Ta? _ nT,qi+§i§ —— 1 Opz(ki;,¢")
0 —1/2 I 2 2 (9fT
qJ_i+ E zi —
K,
Ay m(Ki K) (02 = 03)? si 6, cos'd,
(A2)

>< )
Q( 0qi)[(eg — ) w? 0052(9(]i +(€—€)w? Sinzﬁqi]

whereag is the atomic Bohr radiug; with the correspond- —2f¥24k | and ifk=2k,, then[2"d¢’ —12/T%d g’

ing cylindrical componentsi( ;4" ,k;) is theith zero of the The computational bottleneck lies in finding the zeros of
function f_ t=E(k")—En(k)*x2Q, + and g=7F(k/ the functionf_ ;. Here, we employ the linear tetrahedron
—k) mapped to first BZO is the step(Heaviside function  jnterpolation of the band energi&For this purpose, we
and @g; is the function that yields 10) if ki; lies inside  store the CB energies by sampling the irreducible (B2Z)
(outside the first hexagonal BZ. For the special cases of thayith 22 050 data points, giving more emphasis to the vicinity
initial-state electron wave vectdr, we have certain simpli- of the I' point. The cell-periodic Bloch overlap function
fications due to symmetry: ifk,=0, then fl_’i,zdk; A m is smoother(see Fig. % and a 910-point final-state
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sampling over the IBZ is used. Note thAt, ,, does not where
require the phase information of the final state and only IBZ
is sufficient for tabulating this function, whereas in Monte

Carlo simulations the correct phase in other portions of the
BZ needs to be generated to trace each paftfcdéFinally,

we include the lowest four CB for the summation over the (2m)°
final-state bandsn’ in Eq. (6). Actually only two bands are
sufficient for all the considered directions but theK direc-

tion, which goes up in energy after a band cross$seg Fig.

1).

Vs

) 11
m m(kl k)|C (q | (nj q 2 E)
(A4)

The integration is over the surfaSadescribed by the energy
conservation relation of one-phonon-emission—absorption
processEn (K')=En(k)*fiwj 4. Equation(A3) is in the
form for which Lehmann-Taut algorithtis directly appli-
The first approach utilizes the division of the IBZ into cable. Accordingly, the IBZ is divided into fine tetrahedra;
small tetrahedra simply for the interpolation of the energythe grid sizes for the storage of energy and overlap param-
and overlap parameters. Alternatively, using this infrastruceters are given in the previous subsection. However, the
ture, 5the tetrahedron integration technique of Lehmann anauantltyW (k') needs much finer tetrahedi@bout half a
Tauf1 can be applied for the overall computation of the scat- il b d b d h b
tering rate. For this purpose, E@) can be put into the form million) UI need not be stored in the memory as it can be
very easily calculated in real time. We have observed the
(k") Lehmann-Taut technique to be much more robust and com-
o putationally efficient than the previously explained direct in-
(A3) .
|V Eprk’ | tegration approach.

2. By the Lehmann-Taut technique
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